Background: Streptococcus pneumoniae causes a broad spectrum of illnesses ranging from mild upper respiratory tract infections to invasive pneumococcal disease (IPD). Quantitative data on the burden of pneumococcal disease, important for the establishment of appropriate vaccination strategies, is currently lacking in adults. Methods: This multicenter, retrospective cohort study was designed to estimate the clinical and economic burden of IPD in adults over the last decade. Data were collected from patients with IPD at 10 university hospitals in South Korea. We estimated the proportion of IPD among all hospitalized patients, the case fatality rate, and the direct medical costs of IPD. Data were further analyzed according to age and risk groups.
Background
Streptococcus pneumoniae causes a broad spectrum of illnesses ranging from mild upper respiratory tract infection to severe invasive disease. Of all the manifestations, invasive pneumococcal disease (IPD) is associated with a particularly high case fatality rate and economic cost. Although the incidence of IPDs has decreased in recent years with the introduction of the 7-valent pneumococcal conjugate vaccine (PCV7), the WHO has estimated that 1.6 million deaths are caused by pneumococci annually [1] ; this estimate included the deaths of 0.7-1 million children aged less than 5 years, accounting for about 11% of all deaths in children aged 1-59 months [2] . In the United States, IPD was responsible for 22,000 deaths, 4 million disease episodes, and direct medical care costs of $3.5 billion in 2004 [3] . In this study, most of the deaths and medical costs were found to be associated with adult patients despite their accounting for only half of the disease episodes [3] . In adults, data on disease burden need to be further investigated with respect to age, underlying comorbidities, and performance status. These data could be useful in revising vaccination strategies.
Currently, both the 23-valent pneumococcal polysaccharide vaccine (PPV23) and PCV13 have been used for vaccination of adults. PPV23 is recommended for all adults aged ≥65 years and for adults at high risk who are aged 19-64 years [4] . A one-time revaccination dose of PPV23 is recommended 5 years after the first dose for asplenic or immunocompromised persons. In addition to PPV23, PCV13 was licensed for the prevention of IPD and pneumonia in adults aged ≥50 years [4] . PCV13 has been licensed for use in adults solely on the basis of immunogenicity data, and a clinical trial is underway to evaluate the efficacy of PCV13 against pneumococcal pneumonia in adults.
Despite the wide availability of pneumococcal vaccines, vaccination rates around the world remain suboptimal in adults (less than 50% even in high-risk groups) [5] [6] [7] . Among South Korean children, the PCV7 coverage rate increased up to 72% in 2009 [8] , while the uptake rate in high-risk adults was very low (0.6%), according to a nationwide survey in South Korea [9] . Insufficient data on the burden of pneumococcal disease might be a barrier to increased immunization rates among the South Korean adults.
This study was designed to estimate the proportion of IPD among all hospitalized patients, the case fatality rate, and the direct medical costs associated with IPD in South Korean adults over the last decade. In order to better clarify IPD disease burden in adults, data were analyzed by age and risk group.
Methods

Study design and subjects
This retrospective cohort study included all patients with IPD at 10 university hospitals in South Korea between January 1, 2001 and September 30, 2011. To obtain data representative of the entire nation, participating hospitals were selected on the basis of geographic location and population served. We included hospitals only if all data were available regarding direct medical costs. All IPD cases among Korean adults aged ≥18 years were included. Available data were stratified according to age and risk group and analyzed to determine the proportion of IPD (cases/1000 hospitalized patients), distribution of primary infection sites, case fatality rate, length of hospital stay, and direct medical costs. Total annual hospital admissions were obtained from an electronic database system. We also aimed to evaluate the change in the proportion of patients with IPD and the case fatality rate after introduction of the PCV7 vaccine during the study period.
All cases that met the IPD definition were selected from microbiological databases. The patients' medical records were reviewed to determine age, sex, comorbidities, Eastern Cooperative Oncology Group (ECOG) performance status, date of admission, primary site of infection, intensive care unit (ICU) admission, duration of hospitalization, and 30-day case fatality. The case fatality rate was estimated among patients whose survival or death was recorded. Direct medical costs were captured from information on resource use contained in the medical records (consultations, prescriptions, and procedures). This research was performed with approval from the institutional review boards of the selected 10 university hospitals. Written consent was waived by the institutional review board, because of the retrospective nature of the study and because patients' private information was not included.
Definitions
IPD was defined as the isolation of S. pneumoniae from a normally sterile site, such as blood, cerebrospinal fluid (CSF), and pleural or ascites fluid. Each patient was classified into one of three groups based on underlying medical conditions: high-risk (those advised to receive PPV23 vaccination every five years), moderate-risk (those requiring a single dose vaccination in their life), and low-risk (those who are not recommended to receive pneumococcal vaccination). High risk was defined by the presence of one or more of the following: (1) splenic dysfunction including post-splenectomy status, (2) hematologic malignancy such as multiple myeloma, leukemia, or lymphoma, (3) a condition affecting the bone marrow or lymphatic system, such as chemotherapy with alkylating drugs or antimetabolites, or radiation within the previous 3 months, (4) solid organ or stem cell transplantation, (5) chronic renal disease such as nephrotic syndrome or chronic renal failure, (6) HIV infection, (7) high-dose corticosteroid use (≥20 mg/day of prednisone or equivalent) lasting two or more weeks, or (8) treatment with a recombinant human immunomodulator, such as rituximab, adalimumab, or infliximab. Moderate risk was defined by one or more of the following: (1) diabetes mellitus, (2) chronic liver disease, (3) chronic pulmonary disease, such as asthma or chronic obstructive lung disease, (4) chronic cardiovascular disease, such as heart failure, cardiomyopathy, or other chronic condition affecting cardiac function, (5) current smoking, or (6) heavy alcohol use, which was defined as alcohol use for more than 5 days a week or having a diagnosis of alcoholism. Low risk was assigned to conditions that did not satisfy criteria for high or moderate risk. IPD was defined as a nosocomial infection if the first positive culture was obtained more than 48 hours after hospital admission or if the patient had been hospitalized for more than 2 of 7 days before the first positive culture. Recurrent infection in a patient was defined as two or more IPD episodes within a 12-month period.
Calculation of direct medical costs for invasive pneumococcal disease
The direct medical costs of IPD were extracted from the hospital financial database, which included both outpatient and inpatient costs: hospitalization expenditures, nursing, IPD-related prescription drugs, examination fees, etc. These were inflated to reflect 2011 prices. To capture direct medical costs only, we used the following approach. To estimate hospitalization costs, we excluded from the calculation (1) nosocomial IPD cases that occurred during hospitalization at the 10 study hospitals, and (2) costs from day 1 of the onset of comorbidity to the last day of hospitalization (if any comorbidity developed during the entire hospitalization period). Infectious disease specialists in each hospital reviewed all the medical records to find new comorbidities that required surgical/ medical treatment unrelated to IPD. With respect to outpatient visits, we included outpatient costs for medications and procedures that were IPD-related. The estimated costs of disease were calculated in Korean won (KRW) and converted into US dollars at a rate of KRW1200=US$1.
Antibiotic susceptibility test
Antibiotic susceptibility was tested in accordance with Clinical Laboratory Standards (CLSI) guidelines at each hospital [10] . Cases with available minimal inhibitory concentration (MIC) results were included in the analysis of antibiotic susceptibility. Interpretive breakpoints for penicillin (non-meningitis S. pneumoniae isolates), ≤2 μg/ mL (susceptible), 4 μg/mL (intermediate), and ≥8 μg/mL (resistant); and for erythromycin, ≤0.25 μg/mL (susceptible), 0.25<MIC≤1 μg/mL (intermediate), and > 1 μg/mL (resistant).
Statistical analysis
We performed descriptive analyses and comparisons to examine demographics, clinical characteristics, and IPD disease burden based on age and risk group. Data were expressed as the mean ± standard deviation and were analyzed using SPSS version 10.0 (SPSS Inc., Chicago, IL, USA). Chi-square tests were carried out to compare categorical variables. For continuous variables, either student's t-test or one-way analysis of variance (ANOVA) was performed with Tukey's method for multiple comparisons. A p-value < 0.05 was considered statistically significant. Using a logistic regression model, multivariate analysis was carried out to identify independent risk factors for 30-day case fatality.
Results
Demographic and clinical characteristics of invasive pneumococcal disease
Nine hundred seventy patients with IPD were identified during the study period, including 264 (27.2%) at high risk, 423 (43.6%) at moderate risk, and 283 (29.2%) at low risk. The mean age of patients was 60.9 years. Patients aged 50-64 years were most numerous (33.0%), followed by those aged 65-74 years (27.4%), 18-49 years (22.2%), and 75 years and older (17.4%). The demographic and clinical characteristics of patients with IPD are presented in Table 1 . The age groups differed significantly in gender ratio, alcohol use, smoking, ECOG performance status, risk group distribution, and underlying conditions. Male sex, heavy alcohol use, and current smoking were common in the group aged 18-49 and in the group aged 50-64 years, while the proportion with ECOG performance status grade 4 increased with age. Patients at high and moderate risk were most numerous in the group aged 50-64 years. Chronic pulmonary, cardiovascular, cerebrovascular, and neurodegenerative diseases, and conditions such as multiple myeloma increased in prevalence with age. The proportion of patients with diabetes mellitus increased significantly by age 50 (p < 0.01), while chronic liver disease was more common in the younger age groups (18-49 years and 50-64 years, p < 0.01). Patients receiving chemotherapy were predominantly in the two groups aged 50-64 and 65-74 years (p < 0.01).
In assessing clinical presentation according to age, bacteremic pneumonia and empyema were more common in adults 65 years of age and older than in younger adults, while meningitis and peritonitis were more common in the younger groups (p < 0.01) ( Table 1) . Patients were hospitalized after a mean of 3.5 days from symptom onset. Recurrent infection was rare (0.8%) irrespective of age group.
The proportion of IPD acquired at either a long-term care facility or tertiary referral hospital increased significantly with increasing patient age (p < 0.01). Overall, 18.1% of the infections were nosocomial, increasing to 19.2% in subjects aged 65-74 years, and to 27.2% in subjects aged 75 years and older.
Disease burden of invasive pneumococcal disease
Overall, the proportion of hospitalized patients with IPD was 0.36 cases/1000 hospitalized, and the case fatality rate was 30.9%, which increased significantly with age (p < 0.01) ( Table 1) . However, the direct medical costs per case of IPD did not differ between age groups (mean cost US $7,452/case; p = 0.11) ( Table 1) . Table 2 shows the clinical and economic burden associated with invasive pneumococcal disease. Stratification according to risk group revealed no significant differences in the duration of hospitalization (22.0 days vs. 17.8 days vs. 19.0 days, p = 0.47), case fatality rate (35.3% vs. 27.7% vs. 31.5%, p = 0.28), and direct medical cost per case (mean, US$ 7,667 vs. US$ 7,037 vs. US$ 7,903; p = 0.58) among the three risk groups (high risk vs. moderate risk vs. low risk). However, both the rate of admission and the duration of stay in the intensive care unit (ICU) were higher in the low-and moderate-risk groups compared to the high-risk group (p < 0.01 and p = 0.05, respectively) reflecting aggressive therapy in previously healthy subjects. On further analysis by age in each risk group, the case fatality rate tended to significantly increase with age in the high-and low-risk groups (p < 0.01). Direct medical costs differed by age only in the moderate-risk group; costs were higher in patients aged 50-64 years compared to the others (p = 0.03) ( Table 2 ).
Prognostic factors of invasive pneumococcal disease
On univariate analysis, older age, advanced ECOG performance status, bacteremic pneumonia, and nosocomial infection were associated with a higher 30-day case fatality rate (p < 0.05). Risk group (p = 0.12), sex (p = 0.08), and antibiotic susceptibility (penicillin, p = 0.28; erythromycin, p = 0.73) did not influence the 30-day case fatality rate. Meningitis was associated with a lower case fatality rate (p < 0.01). On multivariate analysis, old age (odds ratio, 1.02; 95% CI 1.01-1.03), ECOG performance status grade 4 (odds ratio, 5.97; 95% CI 3.30-10.80), bacteremic pneumonia (odds ratio, 1.53; 95% CI 1.10-2.14), and nosocomial infection (odds ratio, 2.21; 95% CI 1.49-3.25) were independent risk factors for 30-day case fatality (Table 3) .
Trends in proportion, case fatality rate, and antibiotic susceptibility
Over the study period, the proportion of IPD among hospitalized patients (cases/1000), the case fatality rate, and the antibiotic susceptibility rate were serially estimated ( Figure 1 
Discussion
Although the global burden of IPD is described extensively in the literature, most studies focus on pediatric diseases, and currently available data for Asian countries is lacking. This multicenter study evaluated the IPD disease burden based on laboratory-confirmed cases in adults, stratified by age and underlying conditions. Direct medical costs were estimated by an objective, concrete method to avoid overestimation. These results may be useful for evaluating the cost-effectiveness of pneumococcal vaccines in the future. Consistent with previous studies [11] [12] [13] , the proportion of IPD among hospitalized patients and the IPD case fatality rate increased with age. Though patients aged 65 years and older may be more likely to develop IPD compared to younger patients, those aged 50-64 years comprised the largest percentage in this study. A majority of patients aged 50-64 years (73.4%, 239 among 320 subjects) had comorbidities such as diabetes and chronic lung or cardiovascular diseases. Weycker et al. [13] previously found that persons aged 50-64 years comprised the largest proportion of the IPD patients. Considering that this age group is most active socially, indirect medical costs may be greater than corresponding costs for the elderly. In addition, Weycker et al. [13] reported that the majority of pneumococcal diseases (≥60%), pneumococcal-related death, and pneumococcalrelated costs were accounted for by high-risk cases. The high-risk group may be also at greatest risk for IPD. However, contrary to the study by Weycker et al. [13] , the moderate-risk group in our study accounted for more than 40% of IPD cases. Pneumococcal vaccination for the group at moderate risk should be emphasized.
It is also noteworthy that even the low-risk group presented a substantial clinical and economic burden. This may be related to the presence of underlying cerebrovascular, neurocognitive, and neuromuscular disorders and poor performance status in this group of patients. Jain et al. reported that patients with neurologic diseases are at high risk for pneumonia after influenza infection [14] . Though currently not considered high priority for pneumococcal vaccination, patients with neurologic disease were at great risk for IPD. Moreover, several studies have shown that neurologic diseases are risk factors for mortality after pneumococcal infection [15, 16] .
This suggests that the definitions for low, moderate, and high risk groups should be reconsidered. Similar to the findings of Weycker et al. [13] , the direct medical costs per case did not differ significantly between the risk or age groups in the present study; Second, direct medical costs may potentially be affected by the healthcare system and geographic factors that affect accessibility. In a US study by Huang et al. [3] , mean direct costs per case of pneumococcal bacteremia was estimated to be US $12,667, which is also higher than our estimates.
The patients' clinical presentations varied significantly by age and risk group. Primary bacteremia was common in the high-risk group, bacteremic pneumonia and peritonitis were most common in the moderate-risk group, and meningitis was prominent in the low-risk group. Bacteremic pneumonia or empyema was more common in older patients, while meningitis and peritonitis were more common in the younger adults. These differences may be related to host-specific serotype distributions, host immunity, or other factors. Previous reports showed that some serogroups with high IPD potential (1, 5 and 7) affected relatively healthy adults, while those with low or intermediate IPD potential (3, 6, 8, 15, 19, 23, 33 and 38) were more likely to affect individuals with immunocompromise due to age and/or comorbidity [17, 18] . Serotypes 3 and 19A pneumococci are more likely to cause pneumonia/empyema [19] , while Serotype 1 is known to cause pneumonia and peritonitis in young adults [20] .
In this study, the overall case fatality rate (30.9%) was higher than in previous reports, which may reflect that the study was composed exclusively of adults. Similarly in a previous Korean study, the case fatality rate for bacteremic pneumonia was 28.6% in adults [16] . In contrast, the case fatality rates for children were reported to be lower than 15% [21] . Independent risk factors for 30-day case fatality include advanced age, poor performance status, bacteremic pneumonia, and nosocomial infection. The case fatality in this study was not related to primary bacteremia, but to bacteremic pneumonia. Previous studies reported advanced age, male sex, comorbidities, alcoholism, sepsis, and meningitis as risk factors for mortality [17, 19] . In this study, meningitis was not related to survival, contrary to previous studies. This may be related to the age of the study population. The risk of meningitis is much higher in pediatric patients than in adults, and infants under one year of age have an especially high case fatality rate [19] . Since the introduction of the PCV7 vaccine in 2003, a substantial decline in IPD incidence has been reported in the target population aged 5 years and younger [22] . In a study conducted in the Netherlands, however, the overall IPD incidence remained constant in adults [23] . With a serotype shift under the vaccine pressure, the PCV7 coverage rate fell below 25% in Korean patients with pneumococcal pneumonia irrespective of age (unpublished data). Likewise, the proportion of hospitalized adult patients with IPD and the adult case fatality rate did not decrease remarkably over this decade according to this study. Interestingly, the rates of bacterial susceptibility to penicillin and erythromycin decreased around 2010, which may be related to the expansion of the multidrug-resistant serotype 19A [11, 24, 25] .
This study has several limitations. First, we could not estimate the incidence of IPD because the study populations were highly mobile and IPD patients were referred from diverse areas of Korea. Second, the serotype distribution could not be investigated. Third, this study was conducted retrospectively, introducing a potential information bias. Uncontrolled confounding factors might exist. To minimize these factors, well-trained research nurses collected data in each hospital using a structured case report form. All data were reviewed and processed without patient-identifying information at the data management center under the supervision of a medical advisor.
Conclusion
In conclusion, we investigated the clinical and economic burden of IPD in adults. The proportion of IPD among hospitalized patients and the case fatality rate increased significantly with age, and direct medical costs were high regardless of age and comorbid conditions. The current age-based vaccination strategy appears appropriate, however, given the results of these studies. Patients aged 50-64 years comprised the greatest part of the IPD population, and most of these patients had comorbid conditions, placing them at higher risk. Further studies are indicated to evaluate the cost-effectiveness of pneumococcal vaccination targeting adults aged 50 years and older.
